We identify a total of 120 early-type Brightest Cluster Galaxies (BCGs) at 0.1 < z < 0.4 in two recent large cluster catalogues selected from the Sloan Digital Sky Survey (SDSS). They are selected with strong emission lines in their optical spectra, with both Hα and [O II]λ3727 line emission, which indicates significant ongoing star formation. They constitute about ∼ 0.5% of the largest, optically-selected, low-redshift BCG sample, and the fraction is a strong function of cluster richness. Their star formation history can be well described by a recent minor and short starburst superimposed on an old stellar component, with the recent episode of star formation contributing on average only less than 1 percent of the total stellar mass. We show that the more massive star-forming BCGs in richer clusters tend to have higher star formation rate (SFR) and specific SFR (SFR per unit galaxy stellar mass). We also compare their statistical properties with a control sample selected from X-ray luminous clusters, and show that the fraction of star-forming BCGs in X-ray luminous clusters is almost one order of magnitude larger than that in optically-selected clusters. BCGs with star formation in cooling flow clusters usually have very flat optical spectra and show the most active star formation, which may be connected with cooling flows.
INTRODUCTION
The activity of star formation (SF) in a present-day galaxy is strongly related to the local galaxy density and stellar mass (Kauffmann et al. 2004) . Massive early-type galaxies lie in higher density environments (Dressler 1980) and are dominated by redder, older stars than less massive ones. The specific star formation rate (i.e., SFR per unit stellar mass) of galaxies tends to be lower in denser environments (Kauffmann et al. 2004 ), pointing to a picture where more massive galaxies form stars at a lower rate per unit mass than less massive ones. Therefore, the bulk of stars in presentday massive galaxies must have formed at earlier epochs than stars in less massive galaxies (e.g., Thomas et al. 2005) . The standard models of galaxy formation have difficulty reproducing these red and dead massive galaxies, unless feedback mechanisms (e.g., by active galactic nuclei-AGN) are introduced that prevent the gas from cooling and forming stars. The star formation history of massive galaxies is not yet fully understood.
The Brightest Cluster Galaxies (BCGs) are at the most luminous and massive end of galaxy population. They are usually located at or close to the centres of dense clusters of galaxies (e.g., Jones & Forman 1984; Smith et al. 2005 ). Most of them are dom-⋆ E-mail: lfs@nao.cas.cn inated by old stars without prominent ongoing star formation. It has been shown that BCGs are different from other massive galaxies (non-BCGs) in the surface brightness profiles and some basic scaling relations (e.g., Matthews et al. 1964; Oemler 1973 Oemler , 1976 Schombert 1986 Schombert , 1987 Schombert , 1988 Graham et al. 1996; Patel et al. 2006; Lauer et al. 2007; Bernardi et al. 2007 ; von der Linden et al. 2007; Desroches et al. 2007; Liu et al. 2008) , which may indicate a distinct formation mechanism.
Recent studies from numerical simulations and semi-analytic models in the cold dark matter hierarchical structure formation framework indicate that a large part of stellar mass in BCGs may have formed before redshift three, and later dry (dissipationless) mergers play an important role in their stellar mass assembly (Gao et al. 2004; De Lucia & Blaizot 2007) . This picture is largely consistent with observations. For examples, many examples of dry mergers involving central galaxies in groups and clusters at z<1 have been reported (e.g., Lauer 1988; van Dokkum et al. 1999; Mulchaey et al. 2006; Jeltema et al. 2007; Tran et al. 2005 Tran et al. , 2008 Rines et al. 2007; McIntosh et al. 2008; Liu et al. 2009 ), although some studies of BCGs in the more distant universe disagree with this scenario (e.g., Whiley et al. 2008; Stott et al. 2011) .
The inclusion of AGN feedback in De Lucia & Blaizot (2007) can efficiently truncate the initial starburst and ensure that the progenitor of BCGs experiences virtually no star formation in any evolution. However, some recent studies from the ultraviolet luminosities, infrared emission or line emission show increasing evidence for ongoing star formation and post-starbursts in some BCGs (e.g., Allen 1995; Cardiel et al. 1998; Crawford et al. 1999; Edge 2001; Hicks & Mushotzky 2005; McNamara et al. 2006; Egami et al. 2006; Wilman et al. 2006; Edwards et al. 2007 ; O' Dea et al. 2008; Cavagnolo et al. 2008; Pipino et al. 2009; O'Dea et al. 2010; Liu et al. 2012) . The existence of blue cores and UV excess in some BCGs are also interpreted as evidence for ongoing star formation (e.g., Bildfell et al. 2008; Pipino et al. 2009; Wang et al. 2010; Hicks et al. 2010) . Although active star formation in these BCGs is compelling, the starbursts may have very short timescales (shorter than 200 Myr) and only contribute a small mass fraction (less than 1 percent, Pipino et al. 2009 ).
The BCGs with ongoing SF studied in previous works are mostly selected from X-ray cluster samples, and usually reside in cooling flow clusters. It has been shown that star formation in these BCGs is correlated with the cooling timescale (t cool ) of the gas (Rafferty et al. 2008) , which is a strong indicator of their connections. However, previous studies are based on small samples and are biased toward X-ray luminous clusters, which may not be a representative of this population. It has also been shown nearby optically-selected local BCGs (e.g., z<0.1) have little indication for enhanced active star formation (Edwards et al. 2007 ; von der Linden et al. 2007; Wang et al. 2010) . In this study, we search for BCGs with ongoing SF in clusters at higher redshift. We select a sample of 120 early-type BCGs at 0.1 < z < 0.4 from two large optically-selected cluster catalogues of SDSS-WHL ) and GMBCG (Hao et al. 2010 ). This sample is roughly an order of magnitude larger than previous ones. They are selected with strong emission lines in their optical spectra, with both Hα and [O II]λ3727 line emission, which indicates significant ongoing star formation. We investigate their statistical properties and make a comparison with a control sample selected from X-ray luminous clusters. For the first time, we probe the dependence of SF activities in these BCGs on their stellar masses and cluster environments. We also reconstruct their star formation history using stellar population synthesis models, and discuss their physical connections with the cooling flows and galactic cannibalism.
The structure of the paper is as follows. We describe our sample selection and data analysis in §2 and §3, and present our results in §4. A summary and discussion are given in §5. Throughout this paper we adopt a cosmology with a matter density parameter Ω m = 0.3, a cosmological constant Ω Λ = 0.7, and a Hubble constant of
SAMPLE SELECTION
We identify early-type BCGs with significant star formation from two large optically-selected cluster catalogues of SDSS-WHL ) and GMBCG (Hao et al. 2010) . The SDSS-WHL cluster catalogue was constructed from the SDSS DR6 photometric galaxy catalogue, which includes 39,668 clusters in the redshift range 0.05 < z <∼ 0.6 with more than eight luminous (M r −21) member galaxies within a radius of 0.5 Mpc and a photometric redshift interval z±0. 04(1+z) . The GMBCG catalogue was constructed from the SDSS DR7 photometric catalogue by identifying the red sequence plus BCG feature, which includes 55,424 clusters in the redshift range 0.1 < z < 0.55. We use the data at 0.1 < z < 0.4 because both catalogues are relatively complete out to z ∼ 0.4. There is another cluster catalogue by Szabo et al. (2011) . we do not use this sample since it is not yet public at the time of writing. These three cluster samples overlap but also differ in their lists of clusters. SDSS-WHL and GMBCG samples give fully consistent results (see below) concerning SF activities, and thus our conclusions should not be much affected by which catalogue we use. In our selection, we require BCGs to have spectroscopic observations and their spectra have been parameterised by the MPA/JHU team 1 . We discard the BCGs with concentration index C = R 90 /R 50 < 2.5 in the i−band (to select early-type objects, Bernardi et al. 2003) and those with a median signal-to-noise ratio (S/N) per pixel of the whole spectrum smaller than 3. As a result, we obtain 10,996 and 15,181 early-type BCGs at 0.1 < z < 0.4 from the SDSS-WHL and GMBCG catalogues, respectively. Baldwin et al. (1981) proposed a suite of three diagnostic diagrams to classify the dominant energy source in emission-line galaxies, which are commonly known as the Baldwin-PhillipsTerlevich (BPT) diagrams and are based on four emission line ratios, [OIII] Crawford et al. 1999; Donahue et al. 2010) have shown that the line emission in BCGs with large equivalent width of Hα is dominated by star formation. The cut of Hα EW > 3Å is thus strongest in our criteria to select sources with SF activities. The cut of [O II] EW > 3Å only reject ∼ 1% of sources with large Hα EW, which does not affect our statistical result. However, the inclusion of the [O II]λ3727 line here allows us to investigate the origin of [O II]λ3727 line emission in star-forming BCGs (see §3.1). Our criteria inevitably reject weak emission-line BCGs. It is acceptable since the ability to distingush their types by the BPT diagram will be poor (e.g., Hao et al. 2005) . In total, 159 and 201 objects satisfy our criteria in the selected SDSS-WHL and GMBCG early-type BCGs respectively. The fraction is ∼ 1.4% (159/10,996) for SDSS-WHL sample, ∼ 1.3% (201/15,181) for GMBCG sample, respectively. The diagnostic diagram mentioned above then classifies these emission-line BCGs into different types, which are shown in Figure 1 . We here detect 3 purely star-forming objects, 59 composites (SF + AGN) and 98 AGNs in the SDSS-WHL objects (see the left panel of Figure 1 ), and 7 purely star-formings objects, 71 composites and 123 AGNs in the GMBCG objects (right panel). We select those classified as purely star-forming objects or composites as our targets, which constitute a very rare population relative to the whole sample (62/10996 ∼ 0.56% for SDSS-WHL objects, 78/15181 ∼ 0.5% for GMBCG objects). Notice that 20 of these targets overlap in these two catalogues. Thus we finally obtain a total of 120 early-type BCGs with significant ongoing star formation (9 purely star-forming objects and 111 composites), which are listed in Table 1 .
We also identify a control BCG sample from X-ray luminous clusters. The ROSAT All Sky Survey detected 18,806 bright sources (Voges et al. 1999 ) and 105,924 faint sources in the 0.1-2.4 keV band, of which 378 extended sources in the north- Kewley et al. (2006) , and the dashed line is from .
ern hemisphere and 447 extended sources in the southern hemisphere have been identified as clusters of galaxies (Böhringer et al. 2000 (Böhringer et al. , 2004 . However, many objects in recent catalogues of SDSS clusters may also be unidentified X-ray clusters ) since SDSS have detected many new clusters of galaxies. We follow Wen et al. (2009) to cross-identify the ROSAT X-ray bright and faint sources with two spectroscopic catalogues to construct a new sample of X-ray cluster candidates. We first select X-ray sources with a projected separation of r p < 0.3 Mpc from the BCGs and hardness ratios of 0-1 as our targets ). In total, we obtain 112 targets in the ROSAT bright source catalog and 194 targets in the ROSAT faint source catalog for SDSS-WHL clusters, respectively. We also obtain 125 targets in the ROSAT bright source catalog and 236 targets in the ROSAT faint source catalog for GM-BCG clusters, respectively.
We first cross-correlate selected emission-line BCGs with these X-ray candidates. There are 24 SDSS-WHL emission-line BCGs and 25 GMBCG emission-line BCGs in ROSAT bright source catalog respectively. Only 3 emission-line BCGs and 5 GM-BCG emission-line BCGs are found in the ROSAT faint source catalog. The fractions of emission-line BCGs relative to the Xray luminous samples (24/112 ∼ 21% for SDSS-WHL objects, 25/125 ∼ 20% for GMBCG objects) are almost one order of magnitude higher than that in optically-selected sample (∼ 1.4%). The derived fraction in X-ray luminous sample (∼ 20%) is slightly lower than previous results (e.g., 27% from Crawford et al. 1999 ; 22% from Donahue et al. 2010) . The difference may be a result of different selection criteria or sample sizes. Donahue et al. (2010) analysed a small sample (with 32 objects), and the detected emission-line BCGs by Hα EW > 1Å showed the typical forbidden line emission as well. Our incidence rate is close to their result. Crawford et al. (1999) We then cross-correlate those BCGs with SF with these X-ray candidates. There are 11 SDSS-WHL BCGs with SF and 10 GM-BCG BCGs with SF in ROSAT bright source catalog. Notice that 8 sources with SF overlap in these two X-ray samples. Therefore 13 out of a total of 120 early-type BCGs with SF are likely to be in Xray luminous clusters. In fact, 11 of these 13 sources are known Xray luminous clusters according to the NASA/IPAC Extragalactic Database (NED), which have been indicated in Table 1 . The fractions of BCGs with SF relative to the whole X-ray luminous samples (11/112 ∼ 9.8% for SDSS-WHL objects, 10/125 ∼ 8.0% for GMBCG objects) are also one order of magnitude higher than that in optically-selected sample (∼ 0.5%). We show the fractions of these BCGs with SF (solid line) and selected emission-line BCGs (dashed line) as a function of cluster richenss for the SDSS-WHL objects (top-left panel) and GMBCG objects (top-right panel) in Figure 2 respectively. Notice that the relations with cluster richness for sources in these two catalogues are shown separately because the cluster richness in these catalogues is estimated with different algorithms. It can be seen that the more massive clusters tend to habour higher fractions of emission-line BCGs and SF BCGs. The fractions are usually the highest in the richest clusters. It indicates that the incidence rates of emission-line BCGs and SF BCGs in a cluster sample may be much higher above some minimum cluster richness (mass). It can thus be understood that the incidence rates of emission-line BCGs and BCGs with SF are higher in X-ray luminous clusters than optically-selected ones since X-ray selected clusters are usually more massive (see bottom panels of Figure 2 ).
DATA ANALYSIS

SFR estimates
It has been known that Hα emission is sensitive to the most recent star formation. The SFR based on Hα emission is an indicator of the nearly instantaneous SFR since it is produced by ionization by the hottest and youngest stars. We derive the SFRs of our target BCGs by the Hα line following Kennicutt (1998) Figure 4 , which shows that these two estimates are consistent with each other and most of the [OII]λ3727 line emission in star-forming BCGs can be attributed to star formation. It should be noted that our SFR estimates are from the SDSS spectra within 3 ′′ fiber diameter, which corresponds to an average size of ∼ 10 kpc for our BCGs at 0.1 < z < 0.4. It has been known that the majority of the line emissions in BCGs may be contained within this aperture (e.g., Hatch et al. 2007 ). We thus do not correct the aperture effect for our BCGs, as in previous studies (e.g., Crawford et al. 1999; O'Dea et al. 2008 ).
Spectral synthesis
We use the spectral synthesis code starlight (Cid Fernandes et al. 2005 ) to derive stellar populations of our BCGs. starlight fits the observed spectrum O λ with a model spectrum M λ , which is made up of a pre-defined set of base spectra. It carries out the fitting with a simulated annealing plus Metropolis scheme to yield the minimum
λ is the error in O λ at each wavelength. It models M λ by a combination
where
is the normalised flux of the j th spectrum, B λ, j is the j th component of base spectrum, B λ 0 , j is the value of the j th base spectrum at the normalisation wavelength λ 0 , G(v ⋆ , σ ⋆ ) is the Gaussian distribution centred at velocity v ⋆ and σ ⋆ is the line-of-sight velocity dispersion, x j is the fraction of flux due to component j at λ 0 , r λ ≡ 10 −0.4(A λ −A V ) is the global extinction term represented by A V . The residual spectrum E λ including emission lines can be obtained by subtracting the model spectrum from the observed one as
In this work, we take simple stellar populations (SSPs) from the BC03 evolutionary synthesis models as our base spectra. We adopt the spectral templates with N * = 42 SSPs -3 metallicities (Z=0.2, 1 and 2.5 Z ⊙ ) and 14 ages (3, 5, 10, 25, 40, 100, 280 , 500, 900 Myr and 1.4, 2.5, 5, 10, 13 Gyr), computed with the "Padova 1994" evolutionary tracks (Alongi et al. 1993; Bressan et al. 1993; Fagotto et al. 1994a,b; Girardi et al. 1996 ) and the Chabrier (2003) initial mass function (IMF). We follow Meng et al. (2010) to model the extinction using the dust extinction law given by Calzetti et al. (1994, 2000) and Calzetti (1997). We show a typical example of spectral fitting for our BCGs in Figure 5 . The top left panel shows the observed spectrum O λ (green) and the model M λ (red). The bottom left panel gives the residual spectrum E λ = O λ − M λ (purple). The lightweighted stellar population fractions x j are shown in the top right panel. The mass-weighted population fractions µ j are shown in the bottom right panel.
STARLIGHT presents the current stellar mass and the fraction of each stellar component. Following Cid Fernandes et al. (2005) , we can derive the mean ages of the stellar population weighted by the flux and stellar mass, respectively.
where x j is the fraction of flux contributed by certain SSP and
where µ j is the fraction of stellar mass contributed by each SSP. The results of the population synthesis are presented in §4.2.
RESULTS
Dependence on stellar mass and environment
The stellar mass for each BCG inside the fiber aperture has been estimated from our spectral synthesis, which are roughly consistent with that obtained by fits on the photometry by the MPA/JHU team. The specific SFR (inside the fiber aperture) for our BCGs can thus be derived. The total stellar mass can be obtained by multiplying the factor, C 2 ≡ 10 −0.4(mpetro−m fiber ) , between the fiber mag- Figure 6 . The derived total SFR and specific SFR (SSFR) by the Hα line versus the total stellar mass (logM * ,tot ) and cluster richness, respectively. The symbols are the same as in Figure 1 , except that 8 BCGs in known cooling flow clusters are shown as red boxes. The size of each box is inversely proportional to its cooling time (t cool ) (see Sec. 4.4) . At the top right corner of each panel, we show the correlation coefficient and corresponding significance level for the null hypothesis of no correlation as given by the Spearman-Rank order test.
nitudes and total (Petrosian) magnitudes. We follow the method of MPA/JHU team to take the correction factor averaged over the five SDSS bands, weighted by 1/∆C 2 2 , where ∆C 2 is the error in the correction factor C 2 (estimated from the errors in the photometry). The estimated SFR and specific SFR by the Hα line versus the galaxy total stellar mass (log M * ,tot ) and the cluster richness for our BCGs are shown in Figure 6 (the relations are similar if the SFR estimated by the [O II] line is used), respectively. The symbols are the same as in Figure 1 , except that 8 BCGs in known cooling flow clusters are shown as red boxes. The size of each box is inversely proportional to its cooling time (t cool ). Notice that the rest 5 BCGs in X-ray luminous sample are also likely to be in cooling flow clusters (see §4.4 for discussions). We perform the SpearmanRank order correlation test for each relation. The corresponding correlation coefficient and the significance level of the null hypothesis that there is no correlation are given in each panel of Figure 6 . It can be seen that there is an obvious trend that more massive BCGs with SF and those in richer clusters tend to have higher SFR and specific SFR, but with large scatters. BCGs with SF in X-ray luminous clusters are often located in the densest environment and have the highest SFR and specific SFR, which shows they appear to be forming stars at a higher rate. BCGs with SF in cooling flow clusters (red boxes) usually have the most active star formation (also see §4.4). (t < 0.5Gyr) 19.92 (3.91, 39.10) 39.77 (5.35, 61.20) 10.68 (0.00, 17.34) 9.24 (0.00, 17 .96) f middle (0.5Gyr < t < 2.5Gyr) 24.31 (1.25,44.73) 24.80 (6.12,50.04) 20.53 (0.00,42.35) 22.44 (0.00,36.54) f old (t > 2.5Gyr) 55.77 (22.75,77.05) 35.44 (17.22,58.56) 68.79 (42.92,81.18) 68.32 (48.23,88.91) 87.76 (57.35,93.06) 79.25 (43.23,97.25) 95.14(88.20,97.60) 94.14 (84.06,97.01) 
Star formation history
We investigate the star formation history of these BCGs with SF through spectral synthesis method. We combine 42 SSPs into three ages: young-, middle-and old-age stellar populations. The youngage stellar population includes the SSPs with age less than 0.5 Gyr, the old-age population is SSPs with age larger than 2.5 Gyr, and the intermediate-age population is the SSPs between them. We also show a burst population, defined as SSPs with age less than 0. in MPA/JHU catalogues. These two samples are matched in total stellar mass. We have shown that the majority (∼ 80%) of BCGs in two X-ray luminous samples are not classified as emission-line BCGs. They have also no significant emission lines ('quiescent'). We make another control sample with 116 objects. The normalised fractions of their stellar populations are listed in Table 2 , which provide a coarse star formation history of these BCGs.
The flux-weighted average population fraction is sensitive to the star formation activity. Nearly 20% flux are from the young stellar population for the whole sample. This fraction can increase to ∼40% for BCGs with SF in X-ray luminous clusters. A large fraction (∼40%) of the young stellar population is from the recent burst (with age t < 0.1Gyr). BCGs with SF and quiescent BCGs have comparable fraction of intermediate-age stellar population, which indicates that SF activities in BCGs contribute mainly to the fraction of young stellar population and the timescale of SF activity is short. However, the fractions of stellar mass in different age bins are significantly different from the flux-weighted ones. The majority of stellar mass of BCGs with SF is contributed by the old population. The stellar mass of the young stellar population is small (∼ 0.5% on average), which is consistent with the result of Pipino et al. (2009) obtained from a smaller sample. It shows that the stellar population will not have significant differences with that of normal BCGs when their star formation is quenched. The stellar population of BCGs with SF are still predominantly old, not very different with the quiescent (normal) BCGs.
Notice that about ∼ 12% of stars formed within the last 2.5 Gyr or so for our BCGs with SF (the first column in Table 2 ). The derived stellar mass inside the fiber aperture is 8.2 × 10 10 M ⊙ on average. If the typical SFR (∼ 7.7M ⊙ yr −1 ) in bursts is the same as the current one, then the total star formation duration will be 1.3 Gyr. This is consistent with a scenario that the rejuvenation SF activities in these BCGs may be sporadic (e.g., Schawinski et al. 2007). In any case, it should be emphasized that the scatters in these estimates are quite high (see Table 2 ).
It has been shown by that the plane defined by the 4000Å break strength, D n (4000), and Balmer line absorption index, Hδ A , is also a powerful diagnostic for the star formation history of galaxies. We show the Hδ A absorption index as a function of D n (4000) for these BCGs with SF in the top panel of Figure 7 , and compare with quiescent BCGs (blue dots). We also show the relation of the specific SFR versus D n (4000) for our BCGs with SF in the bottom panel of Figure 7 . The values of D n (4000) and Hδ A are taken from the MPA/JHU catalog. As can be seen, BCGs with more active SF activities (higher specific SFR) tend to have lower D n (4000) values and stronger Hδ A absorption than quiescent BCGs. It means they have a higher fraction of young stars, and are more likely to be experiencing sporadic star formation events at the present day . This analysis is consistent with our results obtained through spectral synthesis method.
SF activity & cooling flow
It has been shown that active star formation in BCGs may be connected with the cooling flow of intracluster medium (ICM) in many X-ray clusters (e.g., Rafferty et al. 2008 , and reference therein). There are 11 known BCGs in our 13 targets in X-ray luminous clusters. We collect their information from the literature, and find that 8 out of 11 (∼ 73%) have been identified to be in cooling flow clusters (e.g., Dunn & Fabian 2008; Rafferty et al. 2008) . The rest-frame optical spectra and colour images of BCGs in these eight clusters (RXC J1504.1-0248, Zw 3146, A1835, RX J1532.8+3021, MS 1455.0+2232, RX J1720.2+2637, RX J2129.6+0005, A1204) are shown in Figure 8 , ordered with increasing cooling time of ICM. Their cooling time t cool are obtained from Rafferty et al. (2008) and/or Bauer et al. (2005) , which are marked in each panel of Figure 8 . Although not all objects have measured cooling time and the derived values are somewhat different for the same source from the two studies, it is still apparent in Figure 8 that the four BCGs with shortest cooling times have bluer colours, which is consistent with the result of Rafferty et al. (2008) that bluer BCGs reside in clusters with shorter cooling times. These eight BCGs in cooling flow clusters are shown with red boxes in the plot of specific SFR versus D n (4000) (the bottom panel of Figure 7) , with the size of each box inversely proportional to the cooling time. It can be seen that BCGs in cooling flow clusters usually have more active SF activities (higher specific SFR): the four BCGs (RXC J1504.1-0248, Zw 3146, A1835, RX J1532.8+3021) with the shortest t cool have the most active SF activities. In fact, it has been shown two (Zw 3146 and A1835) of them can even be classified as luminous infrared galaxies (LIRGs) (Egami et al. 2006) . This is a strong indicator that the cooling flow and star formation in these BCGs are connected. Figure 8 also shows that BCGs in cooling flow clusters (in particular the four with the shortest t cool ) usually have very flat optical spectra (smaller 4000Å break strength, see the bottom panel of Figure 7 ).
It should be noted that we do not know whether or not the remaining 5 targets in our X-ray luminous sample are also in cooling flow clusters. Their rest-frame spectra and colour images are shown in Figure 9 . It can be seen that their images and optical spectra are very similar to those of 8 BCGs in known cooling flow clusters, particularly for two GMBCG objects (GMBCG J221.85842+08.47364, J355.27875+00.30927). These two objects have extremely blue images and very flat optical spectra, with extremely high SFR & SSFR (two red circles on the top of right panels of Figure 6 ). In any case, the majority (even 100%) of BCGs with SF in X-ray luminous sample are likely to be in cooling flow clusters.
SUMMARY & DISCUSSION
Only a few BCGs have been reported with ongoing star formation in previous studies and the majority of them are identified from Xray cluster samples. In this paper, we identify a large sample of 120 early-type BCGs at 0.1 < z < 0.4 from two large optically-selected cluster catalogues of SDSS-WHL ) and GMBCG (Hao et al. 2010) . Their optical spectra show strong emission lines of both [O II]λ3727 and Hα, indicating significant ongoing star formation. This sample is not biased toward X-ray luminous clusters, and is thus more representative of this population. We investigate their statistical properties and make a comparison with a control sample selected from X-ray luminous clusters. We also investigate their star formation history using stellar population synthesis models. The main results can be summarised as follows.
(i) The incidence rates of emission-line BCGs and BCGs with SF in X-ray luminous clusters are almost one order of magnitude higher than those in optically-selected clusters.
(ii) More massive BCGs with SF in richer clusters tend to have higher SFR and specific SFR, which shows they appear to be forming stars at a higher rate. BCGs with SF in X-ray luminous clusters usually have more active SF activities.
(iii) The star formation history of BCGs with SF can be well described by a recent minor and short starburst superimposed on an old stellar component, with the recent episode of star formation contributing < 1 percent of the total stellar mass (∼ 0.5% on average). The star formation history may be episodic, lasting a substantial fraction of the time in the last 2.5 Gyr (see Table 2 and section 4.2).
(iv) BCGs with SF in cooling flow clusters usually have very flat optical spectrum and the most active SF activities. Star formation in these BCGs and cooling flow are correlated.
Although the short SF activity appears to be a rather common phenomenon during the evolution of BCGs, the source of the cold gas required to fuel the star formation is unclear. The correlation between SF activities in BCGs in cooling flow clusters and the gas cooling timescale (Rafferty et al. 2008 ) suggests a clear (cooling) origin of the cold gas in these systems. However, the majority of our star-forming BCGs have less active SF activities. They either lie in non-cooling flow (non-X-ray luminous) clusters or may be below the ROSAT detection limit. Recent theoretical studies often assume a very efficient form of AGN feedback, which may suppress the star formation completely. On the other hand, Bildfell et al. (2008) suggest that AGN feedback may not fully compensate the energy lost via radiative cooling, allowing the gas to cool at a reduced rate. It remains to be seen how universal this mode operates in BCGs and what kind of SFR it can sustain. Another possible and attractive mechanism is through the known galactic cannibalism that appears frequently in cluster environments due to dynamical friction. We indeed find a large fraction of sample BCGs in non-X-ray luminous clusters with distinct merger features (see 30 examples 2 in Figure 10) . If there is some remaining cold gas in the captured satellite galaxy, then the merger may supply fresh cold gas (∼ few 10 8 M ⊙ ) that can trigger a new episode of star formation (Poole et al. 2006 ). It will be interesting to explore this issue further using our sample in a future study.
